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THERMODYNAMIC AND SHOCK PROPERTIES 
OF A SIMULATED JOVIAN ENTRY ATMOSPHERE 
by Sheldon Heimel 
Lewis Research Center 
Nat ional  Aeronautics and Space Admin is t ra t ion  
Cleveland, Ohio 
SUMMARY 
The thermodynamic proper t ies  o f  the e q u i l i b r i u m  plasma behind normal 
shock waves ( i nc iden t  and re f1ec ted) in  a 0.70 Ne-.25H2-.05He mix tu re  were 
computed f o r  assigned shock v e l o c i t i e s  from 5 t o  15 km/sec and pressures 
from 0.05 t o  1.0 mm Hg. Equ l i b r i u m  pressure, temperature, enthalpy, entropy, 
constant-pressure heat capac ty ,  and component mole f rac t i ons  a r e  tabulated 
f o r  an i n i t i a l  temperature o f  298.15K. The f r e e  energy of  the mix tu re  was 
minimized t o  ob ta in  composition. 
account f o r  i on i za t i on -po ten t i a l  lower ing and p a r t i t i o n - f u n c t i o n  c u t o f f .  
The Debye-HGcke1 approximation was used t o  
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I NTRODUCTI ON 
Basic data concerning the gtmosphere of  J u p i t e r  i s  needed t o  prov ide a 
b e t t e r  understanding of t he  evo lu t i on  o f  our s o l a r  system. Because o f  i t s  low 
.1 
atmospheric temperature (around 100 K) and i t s  g rea t  size, i t  i s  thought t h a t  
Jup i te r  has kept i t s  p r imord ia l  cond i t i on  to a grea t  extent.  
To ob ta in  these data, the  Nat ional  Academy o f  Science has h i g h l y  recom- 
mended a Jovian atmospheric probe. S c i e n t i f i c  experiments have been proposed 
f o r  such a probe dur ing  the  1977 Grand Tour o f  the  ou ter  p lanets  ( re f .  1). 
En t ry  o f  a probe i n t o  the hydrogen-helium Jovian atmosphere would cause 
shock- ion izat ion of t h a t  mix tu re  because O f  the probe's h igh  e n t r y  speed. 
Actual  en t r y  condi t ions a r e  expected t o  invo lve  shock v e l o c i t i e s  as h igh as 
60 km/sec and temperatures as h igh  as 50 000 K. 
Surv iva l  o f  t he  probe requires proper design o f  a heat sh ie ld .  Th is  can 
be f a c i l i t a t e d  by s imu la t ing  the expected condi t ions i n  the laboratory  and 
sub jec t ing  t e s t  probes t o  these condi t ions.  While these condi t ions cannot be 
approached i n  a conventional shock tube us ing a H2-He mixture,  t h e y  can be 
simulated by r a i s i n g  the  mix tu re 's  molecular weight and using a r e f l e c t e d  shock. 
wave. The molecular weight i s  ra ised by "bathing" the  H2-He mix tu re  i n  neon, for  
example, which does not  reac t  w i t h  hydrogen o r  helium. 
Accordingly, ca l cu la t i ons  were performed fo r  the  thermodynamic proper t ies  
* 
f o l l ow ing  passage o f  i nc iden t  and r e f l e c t e d  shocks through a 0.70 Ne-9.25 H2- 
0.05 He atmosphere, 
equi 1 ibr ium thermodynamic proper t ies  and the ex t rapo la t i on  o f  atomic energy 
leve ls  up t o  the lowered i o n i z a t i o n  po ten t i a l .  These proper t ies  a re  used 
together w i t h  the appropr ia te conservat ion equations t o  ob ta in  p roper t ies  
behind the i nc iden t  and r e f l e c t e d  shock waves. 
The ca lcu la t ion , inc luded the Coulombic c o n t r i b u t i o n  t o  the 
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The proper t ies  assigned t o  the  co ld  gas ahead o f  the shock (cond i t ion  1) 
are: T1 = 298.15 K, P1 = 1.0, 0.8, 0.4, 0.2, 0.1, and 0.05 mm Hg and u1 = 15, 
12, 10, 8, 6.5, and 5 km/sec. (Symbols a re  def ined i n  the symbol l i s t . )  These 
proper t ies  permi t  c a l c u l a t i o n  o f  i n i t i a l  values o f  Mach numoer, H/RT, S/R, M, 
Cp/R, vs, x, and sonic  v e l o c i t y .  
Condit ions behind the inc ident  and r e f l e c t e d  shock f r o n t s  a re  designated 
cond i t i on  2 and cond i t i on  5 respec t ive ly .  
The proper t ies  from the  inc ident  shock c a l c u l a t i o n  are: u2, P/Po, T, H/RT, 
S/R, M, (a l n V / a  lnP)T, ( 3  1nV/d 1nTlp, Cp/R, I f s ,  g, sonic v e l o c i t y ;  the 
Coulombic parameters: i o n i z a t i o n  p o t e n t i a l  lowering, Debye length, DEBN/BETN 
( r a t i o  o f  p r i n c i p a l  quantum numbers f o r  Debye and Bethe c u t o f f s ) ;  number of 
charged p a r t i c l e s  i n  the Debye sphere, Coulombic compressibi 1 i ty ;  r a t i o s  across 
the  inc ident  shock: P2/P1, T2/T1, M2/M1, p 2 / f ] ;  v2 =: 
and t o t a l  p a r t i c l e  density; the negat ive excess thermodynamic proper t ies:  
"1  - U2, mole f rac t i ons  
S im i la r  p roper t ies  a re  ca lcu la ted  f o r  the re f l ec ted  shock wave. I n  t h i s  
case the  r a t i o s  a re  from cond i t i on  5 to cond i t i on  2 and, instead o f  v2, the 
























p r i n c i p a l  quantum number a t  Bethe c u t o f f  
v e l o c i t y  of l i g h t  
heat capaci ty  o f  m ix tu re  a t  constant pressure 
heat capaci ty  o f  m ix tu re  a t  constant volume 
p r i n c i p a l  quantum number a t  Debye-Hickel c u t o f f  
e lec t ron  i c cha rge 
Gibbs f r e e  energy of mix tu re  
enthalpy o f  mix tu re  
Planck's constant 
i o n i z a t i o n  p o t e n t i a l  
Bo1 tzmann's constant 
molecular weight o f  m ix tu re  
number of p a r t i c l e s  o f  species i 
t o t a l  number of  moles i n  mix ture 
number o f  moles o f  species i 
absol Ute pressure 
un iversa l  gas constant 
entropy of mix tu re  
absol Ute temperature 
v e l o c i t y  i n  shock-f ixed coordinates 
vo 1 ume 
v e l o c i t y  i n  laboratory  coordinates 
r e f l e c t e d  shock v e l o c i t y  




zi signed charge number of species i 
Greek Symbols 
C p 4  
isentropic exponent; 
lowering, as applied to ion.ization potential 
reciprocal of Debye length;% = '/eD 
density of mixture 
ys = -(;Sin ~ / a  In v), 
Debye length 
I nd i ces 
dummy index for species 
Subscripts 
property at one atmosphere 
ahead of incident shock 
behind incident shock 
behind reflected shock 
reflected shock 
isentropic; incident shock 
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EQUATl ONS DESCR I BI NG CHEMl CAL EQU I L I  B R I  UM 
Values o f  the  fundamental constants were obtained from reference 2. 
The e q u i l i b r i u m  composition o f  the  plasma a t  an assigned T and P was ca l -  
cu la ted  by min imiz ing the Gibbs f r e e  energy G o f  a closed, neu t ra l  system 
sub jec t  t o  the conservation o f  elements and charge. Min imiza t ion  o f  G resu l ted  
i n  a system o f  equations t h a t  a r e  non- l inear  i n  the number o f  moles o f  the  
const i tuents .  Lagrangian m u l t i p l i e r s  were used to  inc lude the mass balance 
cons t ra in ts .  App l i ca t i on  o f  the  Newton-Raphson method resu l ted  i n  a se t  o f  
i t e r a t i o n  equations i n  terms o f  the  Lagrangian m u l t i p l i e r s  and cor rec t ions  t o  
the  mole numbers. 
programmed f o r  use w i t h  a high-speed computer. 
These working equations were taken f r o m  reference 3 and 
The Debye-Huckel cor rec t ions  (see below) t o  the Helmhol tt f r e e  energy, 
pressure, and thermodynamic func t ions  (H, S and G) and the thermodynamic 
de r i va t i ves  (('2 1nV/3 lnT)p, (3  l n V / a  lnP)T, (3 I n h i / a  lnP)T, e t c )  were taken 
from reference 4. 
Assumptions and Res t r i c t i ons  
1. The species assumed t o  be present i n  the simulated Jovian e n t r y  
atmosphere were: f o r  hydrogen, H, H+, H2, H2+, H I ;  f o r  helium, He, He+, He++; 
f o r  neon, Ne, Ne', Ne'", Ne*+; and e lect rons,  e". Only t h e  ground s t a t e  was 
used f o r  H2; a t  those conditionswhere exc i ted  H2 was beginning t o  comprise a 
s i g n i f i c a n t  p ropor t ion  o f  t o t a l  H2, t o t a l  H2 was unimportant. Exc i ted  e lec-  
t r o n i c  s ta tes  o f  H2+ were neglected. 
i t s  molecular constants a re  rough estimates ( re f .  5) and y i e l d  u n r e a l i s t i c  
heat capaci t ies.  
The species H3+ was no t  included because 
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3 .  
actions 
correct 




2. Electronically excited states of H, He, Hec, Ne, Ne , and Ne++ were 
included. In order to avoid divergence of the partition function, the cutoff 
of electronic levels was calculated by Griem's extension of the Debye-Hickel 
electrolytic theory (ref. 6 ) .  For small amounts of ionization, the size of 
the electron's orbit becomes unrealistically large. Therefore, in this instancc 
the Debye-Huckel theory provides a poor criterion for cutoff. For this sit- 
uation, Bethe's excluded volume criterion was used (ref. 7) .  In practice, 
the principal quantum number at each cutoff was calculated: BETN at the Bethe 
cutoff, and DEBN at the Debye-Huckel cutoff. The ratio DEBN/BETN was used to 
choose the method that truncated most states. If the ratio exceeded 1, then 
the Bethe cutoff was used. 
.D 
Otherwise the Debye-HGckel cutoff was used. 
The Debye-Huckel method makes no cutoff provision for uninegative ions; 
thus a fixed number of excited states was used for H'. 
The Debye-Huckel theory was also used to account for Coulombic inter- 
between charged particles (ref. 4). These interactions yield real-gas 
ons to the chemical potentials and the equation of state. When the 
c interactions became negligible, the plasma was treated as an ideal 
Shifts of energy levels of excited states relative to ground electronic 
states were neglected. These shifts are observed to be small (ref. 8). 
5. Atomic sublevels for observed principal quantum numbers were inter- 
polated by the "inclusion of predicted levels" technique (ref. 9) and extra- 
polated by t he  Rydbers formula (ref. 6 )  up to the reduced ionization potential. 
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Elec t ron i c  P a r t i t i o n  Funct ion and I o n i z a t i o n  Po ten t i a l  
I n  the  ideal-gas o r  independent-part ic le approximation, a bound e lec t ron  
moves under the in f luence o f  a s i n g l e  atomic species and has access t o  an 
i n f i n i t e  number o f  energy leve ls  tha t  approach the ser ies  l i m i t .  I f  a l l  these 
leve ls  were used i n  c a l c u l a t i n g  the  e l e c t r o n i c  p a r t i t i o n  funct ion,  i t  would 
d i verge. 
I n  a plasma, there i s  a Coulombic f i e l d  due t o  the presence o f  ions and 
electrons. This  f i e l d  l i m i t s  the se t  of energy leve ls  a v a i l a b l e  t o  the bound 
e lect ron.  Consequently the p a r t i t i o n  func t i on  terminates a t  the l a s t  leve l  
allowed. Also, the i o n i z a t i o n  p o t e n t i a l  i s  lowered and the amount o f  i o n i z a t i o n  
i s  increased. 
There i s  no exact procedure f o r  spec i fy ing  the l a s t  leve l  t o  be permit ted.  
I n  the present work, the Debye-H>%kel approximation i s  used because i t  also 
a f fo rds  a Coulombic co r rec t i on  t o  the Helmholtz f r e e  energy. This  y ie lds  a 
consis tent  se t  o f  cor rec t ions  t o  the chemical po ten t i a l s ,  thermodynamic funct ions,  
and the equation of s ta te.  
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I n  the Debye-Huckel c u t o f f  ( re f .  6), a leve l  i s  not  counted i n  the p a r t i t i o n  
func t i on  i f  i t s  energy exceeds the lowered i o n i z a t i o n  p o t e n t i a l  g iven by I -61 
where I i s  the unperturbed i o n i z a t i o n  p o t e n t i a l  o f  t he  species considered, and 
41 i s  the lowering defined by 
A I = ( z . +  l)?$e2/hc (ern'') 
L 
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Inc lus ion  of  Predicted Levels 
Under c e r t a i n  condi t ions,  t h e o r e t i c a l l y  predic ted energy leve ls  which have 
not been observed f o r  atomic species must be included i n  the c a l c u l a t i o n  o f  
p a r t i t i o n  funct ions.  The procedure used t o  est imate the s i g n i f i c a n t  leve ls  
depends somewhat on the temperature o f  the gas mixture.  
A t  temperatures below about 5000 t o  6000 K, i t  genera l ly  s u f f i c e s  t o  'h 
note the observed leve ls  f o r  a given p r i n c i p a l  quantum number and then t o  
i n t e r p o l a t e  the missing levels.  For t h i s  purpose, the " f i l l "  method d e t a i l e d  
i n  reference 9 was used. 
A t  the higher temperatures t y p i c a l  of plasmas, quantum numbers f o r  which 
no levels have been observed are  occasional ly  required. 
quantum numbers, the Rydberg formula f o r  hydrogenic leve ls  ( re f .  6) i s  a good 
A t  these higher 
a pp rox i ma t i on: 
( Z i  + 1y 
En,y = l y  - n2 I H  
where En,y i s  the ext rapolated energy l e v e l  o f  atomic species y f o r  p r i n c i p a l  
quantum number n; l y  i s  i t s  c l a s s i c a l  i o n i z a t i o n  p o t e n t i a l ;  z i  i s  i t s  charge 
number. 
was used f o r  He and the neon species. 
IH i s  the i o n i z a t i o n  p o t e n t i a l  o f  the H atom. The Rydberg formula 
For the i s o e l e c t r o n i c  species H and Hef the Bohr formula ( r e f .  10) was 
used: 
E nrY= I ( 1  - l /n2) Y 
I As explained below, in te rpo la ted  leve ls  were used i n  the f i r s t  stage o f  
the ca lcu la t ion ;  i n  the second stage, the l e v e l s  were a lso  ext rapolated up t o  
the reduced i o n i z a t i o n  p o t e n t i a l .  
LO 
Accuracy of  Compos i t ion  
The Debye-HGckel approximation can be expected t o  be v a l i d  down t o  p a r t i c l e  
d e n s i t i e s  f u l f i l l i n g  the i n e q u a l i t y  
1 & 8 -HpD 
4 N i  
V 
where Po i s  the Debye length and the summation i s  over charged p a r t i c l e s  
( r e f .  6). I f  V i s  taken t o  be the volume o f  the Debye sphere, i.e. 
3 v = (4/3)7r pD 
then the t o t a l  number o f  charged p a r t i c l e s  i n  the Debye sphere must obey the 
i n e q u a l i t y  
5 N i  >/ 1/6 
L 
As S N i  approaches 1/6, the accuracy can be expected t o  
condi t ions of t h i s  r e p o r t , f M i  was never less than 2.67. 
L 
c 
decrease. For the 
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C r i t e r i o n  f o r  Usinq Ideal-Gas Approximation 
A t  temperatures below approximately 4000 K, the degree o f  i o n i z a t i o n  was 
so small  t h a t  the Coulombic i n t e r a c t i o n  between charged p a r t i c l e s  could be 
neglected. A c r i t e r i o n  f o r  t r e a t i n g  the plasma as an i dea l  gas was developed 
by comparing the Detiye-Muckel expression f o r  lowering o f  the  i o n i z a t i o n  
19 
p o t e n t i a l  f o r  a neut ra l  atom: - 
AI =$e2/hc 
and the d e f i n i t i o n  o f  inverse Debye length 
%2 = 4TTe2 L NiZi2/kTV 
L 
where N i / V  i s  the p a r t i c l e  densi ty  o f  the i - t h  charged species. El iminat ing$, 
one gets a measure o f  the i o n i c  s t rength  
c 
= 4.4369~10 8 ( A l ) 2 T  
Assuming t h a t  the Coulombic i n t e r a c t i o n  becomes negl i g i b l e  whenA I fa1 Is helow 
0.25 cm'l and t h a t  t h i s  occurs below approximately 4000 K, then a reasonable 
lower l i m i t  f o r  the i o n i c  s t rength  o f  the Debye-Huckel gas is : -  
r *  
1 1  S, Nizi2/V = 1x10 
c 
When the i o n i q s t r e n g t h  was less than 1x10 
t rea ted  as an ideal  gas and the f o l l o w i n g  
computed: Debye length, r a t i o  o f  p r i n c i p a l  
3 1 p a r t i c l e s  per cm , the plasma was 
o n i z a t i o n  parameters were not  
quantum numbers f o r  Debye c u t o f f  
and Bethe c u t o f f ,  and number o f  p a r t i c l e s  i n  the Debye sphere. I n  the output,  
these three parameters were s e t  equal t o  0.- 19 (i.e. O . X ~ O - ~ ~ )  t o  i n d i c a t e  
untouched computer locat ions.  
For example, f o r  an i n i t i a l  pressure o f  0.8 mm Hg and an inc ident  shock 
v e l o c i t y  o f  5 km/sec, T2 = 3680 K and AI = 0.2 cm'l. Therefore 
N j z i  = 4 . 4 3 6 9 ~ 1 0 ~  (0.2)2(3680) 
L 
V 
= 0 . 6 5 ~ 1 0 ~ '  
12 
2 
Since Z Niz i  /V  was less than lx lO1’ ,  the gas was considered t o  be ideal .  
OVER-ALL ITERATION PROCEOURE FOR COMPOSITION 
i 
The system o f  equations r e s u l t i n g  f rom min imiza t ion  o f  G can not  be solved 
f o r  composition i n  closed form f o r  two reasons: 
( 1 )  The system i s  non- l inear  , in  composition; t h a t  i s ,  there  a re  terms t h a t  
con ta in  I n  (n j /n)  
(2) 
s ta tes depends on the i o n i c  densi ty ,  which i n  t u r n  depends on the  e l e c t r o n i c  
p a r t i  t i o n  funct ion.  
The e l e c t r o n i c  p a r t i t i o n  func t i on  of an atomic species w i t h  h i g h l y  exc i ted  
The ove r -a l l  i t e r a t i o n  i s  accomplished i n  two stages. 
I n  the f i r s t  stage, the mix tu re  i s  i n i t i a l l y  assumed t o  cons is t  o f  equi- 
molar propor t ions o f  a1 1 species considered. Corrections t o  these mole numbers 
and the Lagrangian m u l t i p l i e r s  a re  found, assuming t h a t  each atomic species 
has a f i x e d  number o f  energy leve ls .  These are  the observed leve ls  ( re f .  1 1 )  
p lus those f i l l e d  i n  by the method o f  reference 9. I n  t h i s  stage, the  c l a s s i c a l  
o r  isolated-atom i o n i z a t i o n  p o t e n t i a l ,  1, i s  used. I t e r a t i o n  i s  terminated 
when successive estimates o f  mole numbers agree t o  f i v e  s i g n i f i c a n t  f i gu res .  
For the second stage, mole numbers from the f i r s t  stage a re  used as 
estimates f o r  a real-gas composi t i o n  
are  used t o  ca l cu la te  an i n i t i a l  est imate o f  i on i za t i on -po ten t i a l  lowering,AI: 
( re f .  6). 
t h i s  quan t i t y  i s  ca lcu lated.  Thus, i t e r a t i o n s  are  performed, no t  on l y  on the 
mole numbers, but  a l s o  on A I .  
(Debye approximation), These mole numbers 
When mole numbers have converged f o r  the  i n i t i a l  A I J a  new value f o r  
The fo l low ing  f low diagram summarizes the ove r -a l l  i t e r a t i o n  procedure:- 
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f AI 4 0.25cm-1, sum over fixed number of levels 
f dl > 0.25cm-' , sum up to (1 - A1) 
if AI = 0, sum only once 
L - -- 
Corrections to mole numbers 
I , 
t v 





Correct ion to dl 
\j,* 
NO New LII within tolerance? 
I 
\ /  J YES 
Ca lcula te thermodynami c properties 
INCIDENT AND REFLECTED SHOCKS 
Calculation o f  the conditions behind a shock frotit involves the laws o f  
conservation of mass flow rate (continuity), momentum, and energy. Application 
of the Newton-Raphson method to these equations results in a set of iteration 
equations. In reference 12, the independent variables chosen were tile logarithm 
of temperature ratio and the logarithm of pressure ratio across the shock. 
For use with plasmas, these equations were modified to include the effect o f  
Coulom5 compressibility, Z. 
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Nomenclature for Shock Parameters 
The shock parameters listed in Table I are u1, u2, v2 = u1 - u2, and 
us + v2. 
In order to define these parameters, it will be convenient to refer to 
Figure 1. The nomenclature is that of reference 13. 
Actual Velocities 
Actual velocities are velocities in laboratory-fixed coordinates. 
The initial test gas is assumed to be at rest. Therefore, the quantity 
vl, the actual velocity of the gas ahead of the incident shock, is zero. 
The quantity v2 is the actual velocity of the shocked gas behind the 
incident shock and also the actual velocity of the shocked gas ahead of the 
reflected shock. 
The quantity v5 is the actual velocity of the shocked gas behind the 
reflected shock. This velocity is assumed to be zero. 
The incident shock velocity i s  Ws. The reflected shock velocity is WR. 
Relative Velocities 
Relative velocities are velocities relative to the pertinent shock front, 
i .e. in shock-f ixed coordinates. 
The quantity u1 is the relative velocity with which the initial gas flows 
towards the resting incident shock. Thus 
u1 = ws - Vl = ws 
The quantity u2 is the relative velocity with which the shocked gas flows 
away from the resting incident shock. Thus 
u2 = ws - v2 = u1 - v2 
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and therefore 
The quan t i t y  us i s  the  r e l a t i v e  v e l o c i t y  w i t h  which the shocked gas moves 
away from the r e s t i n g  r e f l e c t e d  shock. Thus 
U5 = WR - v5 = WR 
The quant i t y ,  up, i s  the  r e l a t i v e  v e l o c i t y  w i t h  which the gas moves 
toward the r e s t i n g  r e f l e c t e d  shock. Thus 
u2" = WR + v2 = u5 + v2 
ATOMIC AND MOLECULAR CONSTANTS 
Values for  the  observed energy leve ls ,  s t a t i s t i c a l  weights, and 
i o n i z a t i o n  p o t e n t i a l s  o f  H, He, He+, Ne, Ne', Ne+* and Ne*' were taken 
from reference 1 1. 
The leve ls  o f  H' were taken t o  be the same as those f o r  the i soe lec t ron i c  
species He. 
The d i s s o c i a t i o n  energies o f  H2 and H2+ and the e l e c t r o n  a f f i n i t y  o f  H 
were obtained from reference 14. 
the  equations for  t h e  p a r t i t i o n  funct ions of H2 and H2+. 
This  p u b l i c a t i o n  was a l so  the source f o r  
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SUMMARY OF RESULTS 
The shock r e l a t i o n s  and associated equations f o r  chemical e q u i l i b r i u m  were 
sol.ved f o r  s i x  e n t r y  v e l o c i t i e s  (u1 = 15, 12, 10, 8, 6.5 and 5 km/sec) a t  s i x  
ambient pressures f o r  a simulated Jovian e n t r y  atmosphere cons is t ing  o f  70 per- 
cent Ne, 25 percent H2 and 5 percent He by volume. 
The r e s u l t i n g  thermodynamic and shock ( inc ident  and re f lec ted)  p roper t ies  
a r e  presented i n  Table 1 .  Temperatures and pressures are  p l o t t e d  i n  F igure 2. 
Subtables (a), ( b ) ,  (c), ( d ) ,  (e), and (f) o f  Table I g i v e  the proper t ies  
respec t ive ly  f o r  i n i t i a l  pressures Pi = 1.0, 0.8, 0.4, 0.2, 0.1, and 0.05 mm Hg. 
These pressures are  a c t u a l l y  l i s t e d  i n  dimensionless form P l / P 0  where Po = 760 mm 
H g ( 1 a tmos phe re) . 
Each subtable consis ts  o f  three parts:  p roper t ies  o f  the  unshocked gas; 
p roper t ies  associated w i t h  the inc ident  shock; and proper t ies  associated w i t h  
the r e f l e c t e d  shock. 
The proper t ies  given f o r  the unshocked o r  i n i t i a l  gas are: P/Po, T, H/RT, 
S/R, M, Cp/R, xs ,  sonic v e l o c i t y ,  Mach number, and u1. 
The proper t ies  associated w i t h  the inc ident  shock are: u2, P/Po, T, H/RT, S/R, 
M, (3 1nv/a I ~ P ) ~ ,  (a I n v / S  I ~ T ) ~ ,  c ~ / R ,  Ys, I f  , sonic v e l o c i t y ;  the Coulombic 
parameters: i o n i z a t i o n  potent a1 lowering, Debye length, r a t i o  of Debye p r i n c i p a l  
quantum number t o  Bethe p r i n c  pa l  quantum number, number o f  charged p a r t i c l e s  i n  
tne De:>ye sphere, and Coulomb compressibi 1 i ty; a d d i t i o n a l  incident-shock 
proper t ies:  P2/P1, T2/T,, M2/M1, f3 2/(3 1, v2 = u1 - u2; mole f r a c t i o n s ;  t o t a l  
p a r t i c l e  densi ty;  and negative excess thermodynamic proper t ies:  
- (Hi'') cou 1 omb i c and - ( S / R ) C o u ~ o m ~ i c '  
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Similar properties are calculated for the reflected shock wave. In this 
case the ratios are from condition 5 to condition 2 and, instead of v2, the 
velocity u5 + v2 is given. 
Figure 2(a) gives the temperature and pressure behind the incident shock 
For the and Figure 2(b) gives these variables behind the reflected shock. 
conditions of this report, the final temperature increases more rapidly with 
shock velocity than with initial pressure. 
The only shock data available in the literature for the Jovian atmosphere 
are given in reference 15 for a .50 H2 - .50 He mixture. However, instead of 
the Debye approximation used in this report, reference 15 used the ideal-gas 
a p p rox i ma t i on. 
For purposes of comparison, Figure 3 presents two sets of ideal-gas data 
for this mixture: one calculated by the present author and the other by 
reference 15. The figure presents theoretical density ratio and temperature for 
equi 1 ibrium states behind incident shocks. There are significant temperature 
differences between the two calculations: approximately 1000 K at u 1  = 42 672 m/sec 
(140 000 fps) and approximately 3000 K at u1 = 57912 m/sec (190 000 fps). 
The key to the discrepancies is the following statement in reference 15: 
"Since molecular hydrogen is completely dissociated at the temperatures and 
densities of interest, the only process involving hydrogen is the ionization . 
of atomic hydrogen." 
Violation of energy conservation since the dissociation energy of diatomic 
hydrogen is neglected. 
properties of the initial mixture. 
This assumption leads to the following errors: ( 1 )  
(2) Wrong values for molecular weight and thermodynamic 
18 
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TABLE I .  THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0.25 H2 - 0.05 He MIXTURE 
(a) P1 = 1.0 MM Hg 
- 
- -- -. ---- I h i i I e t  GAS- (11 ~
P/PO 1.31 58-3 Mt MWC D l  14.83221 
Tv BEE H 2 9  F C P / R  2.7423 
s /R H/R 1 C.0OOC GPPMA ( S I  1.574c 24.3736 ._ L I_ - ."e 
WPCH NO: 29.24hC 23.3968 19.4973 15.597s 12.6733 
u14 31YSEC 1 5 c c o . o ~  1 2 ~ 0 0 . ~ 0  i r c c o . 0 0  8 o o c . c ~  65CC.CO 5C00.04 
s w a H E c  EC: I ~ ) - - I ~ C I D E ~ T  
-_ 
l!21 M / S E C  1?25.45 1246.82 1196.78 1153.54 981.75 567.90 
P/FE 1.6162 C l a c 1 7 2  0 6.9438-1 4.3253-1 2.837C-1 1.7578-1 
T v  B E G  C 17937 15255 13227 1C856 7 7 5 3  3 7 1 4  
H/R1 6.1119 5.2842 4.6596 3.4541 3.7527 4.8655 
6 / G  2?.1336 24.4023 25.4351 26.32C3 26.1519 25b1200 
W t  NCL C l  8.1657e 9.41016 ic .39774 i i . 3 ~ 8 e ~  i i . e 4 3 t i  12.17626 
1CLY/CLF 1 7  -1.12023 -1.09115 -1.06843 -1.C.2463 -1.CClC9 -1.02067 
(CLU/CLT)F 2.2595 1.9275 1.744C 1.3265 1.C.216 1.3093 
CP / R  21.8686 16.3416 13.8549 8.2656 2.SSSQ 7 ~ 1 8 6 3  
G 4 Y n A  1.2 1.2632 1.2577 1.i6.24 1.5329 1:3050 
G A C N A  ( S I  1.1278 1.1577 1.1771 1.2321 1.5313 1.2786 
-G 1 - -, -e_ - "L - " - __ - - _______ - 
SON L E L ~ M I S E C  4538;4 3950.2 3528.5 3124.8 2 ~ e t . 9  1800.7 
CCLlCFPlC F P R P C E l E R S  
I P  U C R E R , C M - 1  8 0 9 i 7  614.5 452.3 247.7 6C .9 0.3 
DERBE LLG,CM 1.434 - 6  1.890 -6 2.568 -6 4.685 -6  l.9Ce -5 0. -19 
D€RR /E!fTN e.272 -1 8.429 -1 8.662 -1 9126E -1 l . l C 7  0 0. -19 
N L V R E P  C F  C k A R C E C  PARTICLES I h  C E E Y E  SPt-ERE 
5.129 C 5.735 0 6.750 0 1.016 1 2.947 1 0. -19 
CG~JU C C I F R E S S  C.99325 0.596CO C.99797 0.95956 0.45559 1.COOCO 
P2/R 1 1228.297 773.083 527.729 328.721 215.615 133.594 
1 2 / 1 1  CC.16C 51.166 44.365 36.411 2t.CC5 12.457 
P 2 / R l  C.550q C.6344 0.7010 0.7678 0.75E5 0,8209 
RHCi /RPCl  11.3165 5.6245 8.3557 6.5352 t . t i C 8  e.8044 
V2*Ul-VirM/SEC 13674.55 10753.18 €803.22 6846.46 5518.25 4432.10 











N € *  
NE++ 
N E + + +  
3 . 1 182- 1 
2.6489-'@ 
4.737 -'7 
5.3 881- 2 




5.75 7-1 5 
2.55354 1 
9.C03 & 2  
2 . ~ 2 8  - e  
6. 5 b 9-2 2 
2.C695-1 1.2372-1 4.0193-2 1.8885-3 1.4100-8 
1.5630-7 8.1846-7 2.9957-t 2 .Ct5 t -5  2.6167-2 
1.049 -6 1.319 -6 8.041 -7 1,075 - 7  4.434-11 
1.8913-1 1.2092-1 4.OC47-2 1.8887-3 1.4064-8 
1.247 -6 1.455 - 6  8.425 -7 9.7CC - 8  8.933-12 
3.1677-2 3.5046-2 3.8352-2 3.9S2-C-2 4,1047-2 
4.526 -5 4.852 - 6  1.419 -7 5.521-11 7.900-24 
2.138-18 6.899-22 1.8OC-27 0. 0 0. 0 
4.2633-1 4.8792-1 5.37?5-1 5.5855-1 5.7465-1 
1.777 -2 2.795 - 3  1.459 -4 2.C21 - 7  3.828-18 
7.578-11 1.672-13 9.851-18 4.379-27 0. 0 
2.343-27 5.332-33 0. c 0. 0 0. 0 
1.2809-1 2.2958-1 3.43127-1 3.9732-1 3.5813-1 
__-__. - - P _ A R ~ I C 5 ~ _ & & ~ S S 1 1  ._ _ .  ..J IES,l/CC71*3 _*-- ~ _ _ _ -  
T C l b l  
N E G d l I V E  E X C k 5 E  TFEPMOCYkbCIC PRGPFRTIES 
6.658 1 7  4.S14 17  3.R6l  1 7  2.926 17  2.6Et 17 3.474 1 7  
- ( H I R ~ ) C C L L  2 . 7 ~ 0 5 ~ 2  1.5992-2 8.1155-3 1.7554-3 2.8461-5 0. C 
- [ S I R  I C C t L  1.3725-2 8.CO40-3 4.0598-3 8.7977-4 1.4223-5 0. 0 
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TABLE I. CONTINUED. THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND IMCIOENT AND REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0.25 H2 - 0.05 He MIXTURE 
(a) P1 = 1.0 MM Hg 
c . .  
~ - -  -- I L I l I L L  G4S 117 
P/PO 1 .3 158-1 fl, MOL U l  14 .83221  Ii 
Tv DEE K 298 C P / R  2.7423 
H/R1 c.oo0c GPPMA I S )  1 5740 
24.3736 ____ 51239 5 / R  S C N  VEL lM/C‘€C . 
VPCH UO: 29.246C 23.3968 19.4973 15.5975 12.0733 9.7487 
u1b M Y 6 E C  1 5 c t  0. o c 1-7~  o0. co’r o o 0:  OIL^^ c , c  c -2 scc .c o 5 c c 0. o o 
_ _ a  - -_____L 
S H O U F E C  C A S  ( 5 ) - - R E F L @ C T E C - - E G U I L I @ R I U ~  
26(‘5.92 2C50.20 1892.81 1757.12 16E4aC9 1642.34 
2.1451 1 1.1449 1 6.8885 0 3.6486 C 2.3554 0 2.0419 0 
29424 22092 1 5 1 9 6  16092 1 3 6 8 9  1 1 1 0 6  
6.1392 6.1483 5.59C6 4 - 9 6 ? ?  4.2646 3S6948 
15.748C 21.1153 22.2939 23.6574 24.6530 24.9758 
6.2384P 7.47472 E.52233 9.74969 10.74653 11.58835 
7 -1.06038 -1.15855 -1.14456 - 1 . i e i 6 o  - 1 . ~ ~ ~ 5 8  -1.01644 
6.1637 18.9992 19.3644 14.7735 1 1 . 3 1 ~ 5  5.8078 
F 1.3752 2.2423 2.1794 l a p 5 7 1  1.!l?45 1 1 1 8 9 0  
1.327: 1.1187 1.1120 1.1519 l . l E 5 4  1 ’2937 
1.4072 1.2960 1.2728 1.26t35 1.2638 1.3149 
SON L E L t F / S € C  7213..F 5243.1 456Z.4 3975.8 3545.1 3210.6 
CCCECP B I C F P R A b  E T  E R S 
IP UThERvCF-1 223027 1914.6 1487.7 1024.5 7C3.0 401.4 
D E B L t  t h E  , C C  5.2063-’7 6.C661-7 7.8065-7 1.1331-6 1.6521-6 2.8933-6 
DEBFI / e  E l k  7.5P55-1 7.4199-1 7.5595-1 7.8107-1 t3.096C-1 8.5833-1 
NCPeEd CF CI-4R‘CEC PPRTICLES I N  C E E Y E  S P t i E R E  
3.C569 0 2.0731 0 2.9900 0 3.6368 C 4.5CSS 0 6.3957 0 
CCUU C C F F R E S S  C.98274 0.98462 0.98953 0.99455 0.557€8 0.59959 
P 5 /F’2 13.273 11.255 9.920 8.426 E.3CZ 11.616 
T5112 1.64C 1.448 1.451 1.482 1.766 2.990 
AHC5 /RHO2 8.2475 6.2449 5.6509 4.8964 4.2767 3 ~ 6 9 8 6  
P5/MP 0.7640 0.7943 0.8196 0 .E56 l  C.SC74 0.9517 
U 5 t V i t M Z S E C  16280.46 12t203.38 1C696.03 8603.58 72C2.33 6074.44 











h E t  
N E t t  
NE*t.( 
4.7425-’1 3.7006-1 2.8177-1 
1.8189’5 6.4316-8 2.2741-7 
2.S103-7 1.4229-6 2.4247-6 
1.4683-2 4.7748-2 8.4848-2 
1.5562-1 2.C422-1 2.0243-1 
6 C 530-’7 ? - 7  9 1  1-h 3.6660-6 
5 ~ 3 9 8 0 ~ 3  2.?733-2 2.8349-2 
1.1632-2 1.4641-3 3.801C-4 
? e 2 6 2  3.E84-12 2.073-14 
2-7926-2  1.E839-1 3.2325-1 
2.6600-1 1.6437-1 7.8961-2 
5.Ci9 -4  1.646 -6 4.475 - 8  


























1 7 s  1-32 
2.3396-2 










6.050- 1 8  
0. 0 
- -. ._ ~ -.__-_ ”__. - -____ PARl ICLE C E h ~ 1 1 1 E S r l / C C S * 3  *&--b - = - _ _  -
TCTbL 5.445 l e  3.863 18  2.662 1 8  1.673 1 8  1.266 18 1.350 18 
N E G I l I V E  E X C E S S  1 b E H M O C Y N A V I C  P R O P E R T I E S  
-IHIFl)CCCL 6.4046-2 6.1524-2 4.1895-2 2.1751-2 9.2537-3 1.6224-3 
- ( L I F l C C C L  3.4674-2 3.C882-2 2.1003-2 1.0911-2 4.6455-3 8.1129-4 
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TABLE I. CONTINUED. THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0.25 H2 - 0.05 He MIXTURE 
(b) P I  = 0.8 MM Hg - -  
INIlIbl. E b S  (11 I 
, P T B  1 .C 526&? Ni Itfit U l  14.83221 
'TC 9@G H 29 2 CP/R 2.7423 
1.574C H/Rl c.oo0c G P P R A  ( 4 )  
5/R 24.5968 SCN VEL(F/SEC 5 1229 - _ - - -  - _ _  
46C 23,3968 19-.4973 15.5979 12.6733 9.7487 
15COO.QC 12COO.CO 1COOC.00 8OCC.CC 65CC.CO 5CCC.00 --- _--  - -x- , -  U l b  MlSEC 
W N E C  E b S  (Fl--ihCIDEhT 
U2b k S E C  1310.75 1234.10 1183.50 1142.54 98C.10 562.95 
P/PE 1.2943 C 8.1473-1 5.5634-1 3.4652-1 2.27C2-1 1.4078-1 
Ti EEB W 17707 15066 13C70 1C762 7741 3680 
H/Hl 6.178C 5.3350 4.7C69 3.5841 3.7563 4.9039 
S /R 2?.3029 24.5472 25.6025 26.5061 26.41C1 25.3015 
C )  I f t  Y l  b.147X8 9.38066 1C.37519 11.373Ci ll.@413R 12.15613 
f C f Y l C L F  11 -1.11676 -1.08887 -1.06789 -1.025C4 -1.CC118 -1.01963 
(CLI/CLT )F 2.2614 1.9314 1.7584 1.34Cc 1.C237 IC2965 
CP / R  22.1850 16.4687 14.2022 8.517C 3.C4e3 7.0300 
GAPMA ( 9 )  1.1283 1.1596 1.1762 1.2282 1.5212 1.2812 
1.2601 1.2626 1.2561 1.2589 1.5230 1.3063 G P N H R  
SON LELIF/5EC 4515d5 3935.0' 3509.9 31C8.5 2875.4 179-%% 
CCLUCCelC FPRDIETERS 
1. 
. -  - ----- - -_- -.?_-a - ------____i- - .  
1 - - __ z -  _=^ -.-i_---- 
IP lCWE8 , C C - 1  73527 560.1 412.8 227.3 57.1 0.2 
CEBYE L h t r C P  1.579 -6 2.C74 -6 2.813 -6 5.105 - t  2 - 0 3 >  -5 0. -19 
DEBN/eEIM 8.387 -'1 8.544 -1 8.778 -1 9.3p5 -1 1.119 0 0. -19 
NtPRER h F  CkhPGEC PPRTILLES I N  CPeYE SPPERE 
5.574 C 6.226 0 7.316 0 1.098 1 3.135 1 0. -19 
COIIU CCCFRECS C.99376 0.99627 0199810 0.9995e 0.S5SS9 1.CCOCO 
P2dRl 1229.617 773.996 520.524 329.198 215.679 133.743 
T2/11 59.391 50.531 43.838 36.057 25.564 12.341 
~2 j m i  C.5493 C.6325 0.6595 0.7668 0.7584 0.8196 
RP 02 /P tit 1 11.4438 5.7237 8.4495 6.5958 6.6320 8.0818 
VZ*Cl-CZ,F/SEC 13689.25 10765.90 e816.50 6856.46 5515.50 4437.05 
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2.2 328' 1 
5.727 4 7  
3.P03 -'4 
4 -269-15 




5 13 594 2 
2.7076-2 
2 .C 944-1 
1 5610-7 
0.626 -7 
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- - .  . - v_I--. -- -- PbRlICLE CEhSIlIES,l/CC**3 
TClbL 5.399 17 3.584 17 3.130 17 2.364 17 2.153 17 2.808 17 
---- =---- . 
NEtbli'uE E r C E S f  TFERMOCYKPCIC PROPERTIES 
-4MIPT)CClL 2.4979-'2 1.4937-2 7.6115-3 1.6829-3 2.9355-5 0.  0 
-4ZIR)CalL 1.2508-2 7.4755-3 3.8076-3 8.4154-4 1.4t7C-5 0. 0 
23 
e 
TABLE I. CONTINUED. THERMODYNAMIC PROPERTIES FOR EQUIL IBRIUH 
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.7p Ne - 0.25 H 2  - 0.05 He MIXTURE 
Ib)  P i  0.8 MM Hq 
_ l _ _  _ _  ---- - . - - -.+c_.._ 
vncli nod 29.2466 2 3 i 3 9 6 8  19.447y-’15.974 l2..6?23 9;7:3;184 
V l r  W Z E C  
SHCOVEC G b S  (51--REFLECTEC--EGUILIPRIUb‘ 
U5r M / c E C  2586.05 21331.49 1875.38 174C.23 1665.C8 1630.76 
p i p e  1.7353 1 9.2523 0 5.5729 0 2.9436 C 1.8837 0 1 .6469 0 
1, BEG W 29058 21791  18950 15852 13516 1 1 0 2 1  
H / R l  6.1922 6.2085 5.6443 4.513C 4.3C34 3.7170 
S I R  15.876E 21.2414 22.4276 23.797C 24.8291 25.1640 
M i  MCL W l  6.21422 7.44625 e.49365 
I U L Y  / C L P  11 -1.05572 -1.15338 -1.13984 
X C L Y / C L l  I F  1.3592 2.2520 2.1862 
C P / Q  6.0678 15 .3048 19.6414 
GANMA ( $ 1  1.3311 1.1227 1.1154 
G4P’MA 1.4052 1.2949 1.2714 
SEN L E L I M / Z E C  7 1 9 3 ~ 9  5226.6 4548.7 
9.72021 112.72552 
- l a c 5 9 3 4  -1.CtlE6 
l e e 6 7 5  1.5576 
1.1545 1 . 1 E E l  
1.2692 1 .2 t16  
14.5575 11.5529 
3961.5 3527.5 







- _ -  ~ ~ - _ _  - - -- 
- I -  -__- - 
C C L k  E M8 I C  F P R 4 M E T  E R S 
I P  U C W E R . C b - 1  2 0 3 4 i 7  1749.6 1360.8 938.5 641 .3  370.6 
-_- - - - - - 
D E B I E  L N C t C C  5.7079-1 6.t379-7 8.5345-7 1.2375-t 1.811C-6 3.1341-6 
D E B k l e E t N  7.6868-1 7.5150-1 7.6568-1 7 .9~98-1  8 . 2 ~ 3 6 - 1  8.6860-1 
N L F t e E R  C F  C t - A R C E C  PPSTICLES I N  C E 8 Y E  SPPERE 
3.3100 C 2.8852 0 3.2315 0 3.9225 0 4.8821 0 6.8565 0 
caLu C C F F R E S S  c.98399 0.93566 c.99021 0 . 9 ~ 4 ~ 8  0 . ~ 9 7 ~ 2  0.99961 
P5/P2 13.407 11.356 10.017 8.455 8.257 11.698 
15/12 1.641 1.446 1.450 1.471 1.746 2.995 
N 5 / R i  c.7627 c .7938 0.8186 0.e547 c . 9 c t i  0.9524 
U5+Yi+HIZEC 16275.34 12797.39 1C691.87 8 5 9 t . t S  71E4.58 6067.81 
RHGY / R W L 2  6.2934 6.2995 5.7012 4.44CC 4.3151 3 i 7 2 0 9  




H +  
H- 
H E  
H i +  
H E t t  
NE 
NE+ 
N E t i t  
nz 
N E + i  
4 7 6 29- 1 3 7 246- 1 2 - 8  4 19- 1 
1.2572-9 4.8685-8 1.7691-7 
1.6854’7 1.1420-6 1.9822-6 
1.2948-12 4.4645-2 8.0805-2 
1.965311 2.CQ37-1 2.0551-1 
4.5871-7 2.2329-6 2.9783-6 
9.0942&3 2.3662-2 2.8264-2 
1.1854-2 1.4394-3 3.6805-4 
2.579 ‘8 3.C09-12 1.531-14 
2 . 5 8 5 6 - 2  1.8677-1 3.2254-1 
2.6694-1 1 .€465-1  7.8312-2 
4 .801  2 4  1.425 -6 3.748 -8 






3 5644- 6 
3 2123-2 
4.4474-5 
5 .82 i - i e  
4.427 1- 1 
1.6029-2 
1.09t-IC 
1 ,002-2 t  
9.5731-2 2.4345-2 
2.76C5-6 1.1960-5 
3.0 16 4- 6 1 e71 3-6 
2.6615-1 3.6598-1 
5 .3 5C E- 2 2.42 53-2 
3.3244-6 1.9691-6 
3.6165-2 3.9C26-2 
9.7 18- 2 2 1.337-27 
5.0417-1 5.4628-1 
2.2153-3 9.5871-5 
1.5C5- 1 3  4.985-18 
7.715-33 0. 0 
4.OtSC-6 9.7851-8 
P A R 1  ICLE CEhSIT’IEStl/CP1*3 
. - -_ 
TCT&L 4.454 1 8  3 .142  18 2.180 1 8  1.366 18  1.025 l e  1.097 1 8  
N E G d l I V E  E X C E C 5  T I - E R M O C Y N A P f C  PRCPERTIES 
- ( H I P T ) E C C L  6.4045-2 5.7370-2 3.9152-2 2.04e5-2 e . 7 1 ? ~ - 3  1.5707-3 
- 1 S I R 1 C C L L  3.2152’2 2.E789-2 1.9624-2 1.0256-2 4.3552-3 7.8540-4 
TABLE I .  CONTINUED. THERMODYNAMIC PROPERTIES FOR E Q U I L I B R I U M  
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0.25 H 2  - 0.05 H e  MIXTURE 
( c )  PI - 0.4 MM Hg 
. r ,.- - - k ---_.---__ _ _  
V A C C  No. 2 s  i 246 c 2 3 .? 9 6 8 19 i497-3 1 5.53 7 S z : m .  7G- i  
sticaHEc c b s  ( ~ ) - - I M I D E ~ T  
U !  t 3’5 E cL._--. 15CCC.OC 12COO.CO 1 C O O C . C O  ___ 8COCmCC 65CC.CO 5COO.CO 
L‘2, M / S E C  1269.76 1193.31 1144.05 1 1 1 2 . C C  974.12 548.48 
P / P C  6.4911-1 4.C891-1 2.7941-1 1.74C6-1 1.1364-1 7.0619-2 
1 ,  D E G  K 17037 14493  126CO 1C4C5 7657 3579  
H / R l  6.3704 5.5044 4.8537 4.Ce31 3.8196 5.0204 
S / R  23.7927 25.0357 26.1163 27.C864 27.CE52 25,8717 
C ,  R C L  k l  E . C ~ B ~ C  9.39424 i c .3039e  1 1 ~ 3 2 5 2 5  i i . e 3 ? ? 9  12.09785 
( I l L V / C L P ) l  -1.10697 -1.08210 -1.06652 -1.C2619 -1.CC151 -1.01640 
I C L V I C C T  I F  2.2717 1.9301 1.8044 1.38Ct 1.0314 1.2545 
CPfR 23.1245 1 t .7724  15.1627 9.3746 3.2250 6.4899 
GAPMA (SI 1.1315 1.1628 1.174C 1.2152 1.4EEO IC2921 
G A C M A  1.2525 1.2583 1 .2521 1.2471 1.45C2 1.3133 
sm V E L I M I ~ E C  4 4 5 4 ; ~  388c~.7  3454.8 3056.2 2836.7 1782.8 
OOCU C IVP I C F P R A t  E 7 E R S  
1P k C L a C P , C F - l  546.‘1 418.6 310.6 173.5 46 .7  0.1 
DER’tE L A C v C C  2.127 - 6  2.774 -6 3.739 -6 6,695 -6 2.486 -5  0. -19 
DtPh/EEllr e.758 - 1  8.911 -1 9.149 -1 9.786 -1 1.156 0 0. -19 
NL-PREP O F  C H b n C E C  PPRTICLt!: I N  C E E Y E  S P b E R E  
- A_ ~ -- - _-_, 
7.228 C 8.C17 C 5 .391  0 1.424 1 3.8C9 1 0. -19 
CrLU C T N F P t 5 S  C.99599 0.99701 0.99844 0.99964 0 .59559 1 , ~ O O C O  
P Z / R 1  1233.305 776.925 530.884 330.7C5 215.512 134.175 
1 2  / l  1 57.142 48.610 42.259 35.114 25.e16 12.005 
M2JNl 0.5447 C.6273 0.6947 0.7636 0.7578 0.8156 
RIiC2 /RHO1 11.8133 l i e 0 5 6 1  8 .7409 7.19?9 6.6727 9.1162 
V2=Ul-UZvM/5EC 13730.24 10E06.69 E855.95 6887.44 5525.F8 4451.52 
C O L E  FRPCTlCNS 
E 3.19 18- 1 
H2 7.9415-9 
H2* 1.ec1 -7 
H 4.2903-2 
H+ i .2 942- 1 
H- 2 .727  -7 
PE 2.6874‘2 
H E +  3.589 -’4 
H E + t  1.724-15 
N F  2.9 185- 1 
N C +  8.540 -2 














3 . e ~ - 1 9  
1.3162-1 
3 -702  1-7 
6.335 -7 

















































_ _ -  - P A R 1  ICLE CEhSI l IESv l /CCt*3  
I C T A L  2.e10 1 7  2.C77 17  1.630 17  1,221 17 l . b E 4  1 7  1.448 1 7  
NEG61IVE E r C E S Z  TFLKVOCVNACIC P R O P E R T I E S  
- ( H I R l ) C C l L  1.5627-2 1.1962-2 6.2245-3 1.44EO-? 3.1E8E-5 0. 





TABLE I. CONTINUED. THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0.25 H2 - 0,05 He MIXTURE 
(c) P i  0.4 MM Hg 
'-- ~~NN111.8_1 ~ -< 7 .  C A :  ( 1 1  _-- .. L! ..-a 
MI P O 1  UT 14.83221 
C P / R  2,7423 
C4kMA ( S )  1.5745 
SCN V E L l M / C E C  512;5 
P/PC 5.763224 . 
TI DEG H 2 9 &  
h/R1 C.OGOO 
25.2899 S/C 
-- - __- - - I  _-.- v,n-e- N5j-d7-"- * -+- - 
24-246C 23.3968 19;:497'3 15.597s - i 2 . t i ? 3  9.7r83 
U11 M/_F_BC 15CCO.OC 12COO.CO 1COOO.00 8COC.CC 65CC.CO 5C00.C_0 
5HCC F E C t E S 
k 5 i  M/+EC 2521.52 1566.49 1826.01 1685.11 l6CS.46 1594.42 
T v  DEC L 27994 205PA 1 8 2 1 8  1 5 2 7 9  13CC8 1 0 7 5 6  
H/PT 6.3641 t .4205 5.8189 5.C645 4.423C 3.7882 
5/R 2C.335C 21.7176 22.8808 24 . i668 25.3653 25.7456 
M, RCL k l  0.15697 7.38783 E.419A5 9.6444C 1C.67L49 11.54110 
( r L v / c L p ) i  -1 .C4415 -1.14001 -1.12683 -1 .C524? - 1 . C t C  18  -1.01774 
( D L V / C L l  ) F  1.3113 2.2723 2.1994 1.E8e1 1.6411 1.2271 
cr/R 5.7521 2C.2748 20.4035 15.5165 12.4460 6 - 5 4 7 7  
GAClA ( 9 )  1.3419 1.1295 1.1239 1.1592 l . l E 5 1  1.2694 
G L C R A  1.4011 1.2877 1.2665 1.2663 1.2565 1.2919 
t 5 ) -- R E FLE C T E C- -E GI1 I L I e R I U C 
P/PO 8 . 5 5 ~ 3  c 4.7801 o 2 . 8 8 2 ~  c 1.5118 c 9.4217-1 8.4326-1 
SPN VEL+P/CEC 712222 5152.8 4496.6 39C7.5 3465.2 3136.4 
CCLUCFPIC FPRPFETERS 
I P  U C W E P , C C - l  1521a.7 1318.7 1028.C 711.4 482.5 288.0 
D E E ) €  LNtlCIY 7.6321-7 8.F073-7 1.1297-6 1 - 6 3 2 5 - 6  2.4CCE-6 4.0320-6 
DERNl/€!EThl e.C174-.1 7.E222-1 7.97CC-1 P.2293-1 8.547C-1 9.0218-1 
NCPGER OF CI-IPRCEC P 4 R T I C L E S  I N  C E e Y E  SPHERE 
- 
~ - -  _. -= 
4 - 2 5 6 5  4.9749 C 6.2435 0 8.6093 0 
c r L u  C C F F R E S S  . c.98745 0.98857 c.99214 0.955e2 0 . 9 9 ~ 2 1  0.94965 
P 5 I P 2  13.785 11.69C 10.214 8.6t?E 8.251 11.941 
T5/TZ 1.643 1.441 1.446 1.459 1.690 3.005 
Y 5  / H i  C.7622 C.7940 0.8171 0.8516 C.SC21 0.9540 
RkOS /PP'02 6.4452 6.4954 5.8659 5.C875 4.4234 3,7919 
U 5 + R + M I Z E C  16251.76 12773.18 1Ch75.96 8573.C5 7135.34 6045.94 





w +  
H- 
HE 
H E +  
P E + t  
NE 
NE+ 
N E + t  
N € + t t  
4.8112-1 3.7738-1 2.9044-1 1.8721-1 
s.e919;? 3.e565-2 7.0685-2 1,5215-1 
e.1633-3 2.3538-2 2.8047-2 3.2476-2 
?.863-LC 1.990 -8 7.822 -8 4.134 -7 
6.5572'E 5.6226-7 1.0282-6 1.6545-t 
1 .576621 2.1048-1 2.1313-1 1.7250-1 
1.875817 1.C930-6 1.5235-6 1,9931-6 
1.2592-2 1.3667-3 3.3516-4 3.6CC9-5 
2.?24 4 P  1.345-12 6.010-15 1.567-18 
2.C147-2 1.9313-1 3.2038-1 4.4C55-1 
2.6999-1 1.6554-1 7.6975-2 1.4217-2 
4.336 -4 9.C60 -7 2.191 -8 4.783-11 
1.CC8-E 1 3.129-18 0.703-22 1.191-27 
1.CC4C-1 2.7370-2 
1.555 - 6  6.791 -6 
1.756E-6 1.1617-6 
2.6126-1 3.6176-1 





5.0 19 5 -  1 5.44 5 9-1 
1 . 8 i t 5 - 3  8.839?-5 
5.153-14 2.585-18 
5.6C4-34 0. 0 
- - - ~ _.--.__ .- - PORT ICLE C E h S I T 3 E S  , l / C C * * 3  
---2.?76 TCTdL 1 8  176-99 1 8  1.170 18  7 - 2 9 ?  1 7  5.3 i6  1 7  5.756 17 
N F C I l I V E  E X C E S S  TI-EPMOCYNAMIC PRCPERTIES 
- ( W I R T ) E C L l  5.C216-2 4.5705-2 3.1443-2 1 - 6 7 2 2 - 2  7.1453-3 1.4061-3 - l s1 P ICCLL 2*51@8-'2 2.2918-2 1.5753-7. @.37CO-3 3.5.742-3 7.0313-4 
26 
TABLE I .  CONTINUED. THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0 . 2 3  H2 - 0.05 He MIXTURE 
(d) P I  = 0.2 MM Hg 
I h I l I P L  C E Z  ( 1 1 ,  ,, _ _ _  - - 
pipe 2 .€316-4 Mi M C L  b l  14.8322 1 
T t  DE6 H 29e CP/R 2.7423 
1.5740 H/Rl C -000C GbWmA 1 3 )  
5 /R 25.9830 SC_N VELIFIIEC 512i9 
.I
L G i H i T  29.2460 23  -3Y68 19.4973 15.5975 12.6733 9.7487 
U1.1 M / E C C  15COO.OC 12CC0.00 lCOCC.00 8OCC.~C._ 65CC.CO 5COC.00 
I-- - - __  - - - - - - 
St-CGKEC GPZ_ f2l--IhCICEhT 
L ? t  F / 5 € C  1231.3s 1155.27 1105.87 1081.24 966.76 535.44 
P/PQ 3.2546-1 ZBC517-1 1.4032-1 8.7416-2 5.6e54-2 3.5412-2 
T I  D E C  K 16415 13955 12149 lClPl 7643 3489 
H/RT 6.5601 5.6731 5.0C60 4.1856 3.8438 5.1307 
s / R  24.2838 25.5167 26.6378 27.6636 27.7557 26.4525 
Mc M O L  5 7  8.01212 9.22707 1C.23727 11.27747 ll.@i?t2 12.04601 
(CLV/CLF I 1  -1.09814 -1.07587 -1.06535 -1.02741 -1.CCI53 -1.01325 
(G L V / E L l ) F  2 .2839  1.9240 1.8483 1.4227 1.C410 1.2107 
CP/R 24-0777 16.9828 16.1640 10.28C1 3.4570 5be838 
G P P M A  1 5 )  1.1337 1.1657 1.17C9 1.2C41 1.4526 1L3087 
CPQI( IA 1.2456 1.2541 1.2475 1.5371 1.4554 1L3261 
SCk \IEL(M/CFC 4394;3 3828.5 3399.0 3CC6.2 2754.0 1775.4 
CCCUC He IC F P R P F  E 1 E R S  
IP U C h E R f C F - 1  404.16 312.5 233.0 131.5 3P.C 0.1 
D E E P E  L B G p C F  2.e70 -6  3.717 -6 4.983 -6 8-8C7 -6 3.06C -5 0. -19 
D E R I  / e  El h 5.152 -1 9.297 -1 9.540 -1 1.014 C 1.195 0 0. -19 
NLPeER C F  C F A R C E C  PARTICLES I N  C E B Y E  SPI-ERE 
9.441 C 1.C35 1 1.208 1 l a e O l  1 4.656 1 0. -19 
CCCU C C P F R E S S  C.99616 0.99761 G.99874 0.95965 0.59S59 1.OCCOO 
P2/8 1 1230.74~ 779.661 533.171 332.iec 2 1 6 . 1 5 8  134.566 
55.055 46.806 40.747 34.146 25.t33 11.703 1 2 / 7  1 
E"2/M1 C.5402 0.6221 0.6902 0.7603 0.7572 0.8122 
R H C i l P H O l  12.1813 1'2,3872 9.0427 7.39e9 6.7535 9 ~ 3 3 8 2  
V2*Ul-V2,M/SEC 13768.61 10844.73 €894.13 6918.76 5533.24 4464.56 
- _  _ _  - _______ __._____I ~ _ L  -  - - - 









VE t t  
NE 
NE* 
NE t t  
NE+tt 
3 24 77-1 
3. C 908-9 
e.497 d e  
3.5 295- 2 




7. C 29-1 6 
2. e 849- 1 
@.S64 -+2 
7.419 -9 

































3r. 80 17- 5 
8.28C - 8  
7 56 e-25 
5- 3213-1 
1.052 -4 
































TCT4L 1.461 17 1.C82 17 8.487 16 6.304 I C  5.464 16 7.449 16 
NEGIlIVE E X C E S I  TPERMOCYNPPIC PROPERTIES 
-[HIRl)Ot[L 1.535822 9.5522-3 5.0507-3 1.2321-3 1,3515-5 0. 0 
-(SIR )CClL 7.686523 4.7709-3 2.5261-3 6.16C7-4 1.6S5E-5 0. 0 
27 
TABLE 1. CONTINUED. THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND INCIDENT AND REFLECTED SHOCKS 
THROUGH A 0.70 N e  - 0.2j H2 - 0.05 H e  MIXTURE 
(d) P I  = 0.2 MM Hg 
-.? 
.L . . .  .- 
I ! N I l I P L  G @ S . ( l )  - _ _  _ _  
p i p e  2 .  E3 16-4 . ’ M i  -MCL k 3 . e 3 Z z i  
T r  DEC H 298 CP/R 2.7423 
H/RT C.0000 GIPWA ( $ 1  1.5740 
S / R  25.9830 SCN V E L 4 F I S E C  5 1 2 i 9  - I 
MACR h O i  zs.2460 23.3968 19.4973 15.5975 1 2 . t 7 3 3  9.7487 
U l r  M / E E C  15C00.0C 12CC3.00 1CLCC.00 80CC.CJ 65CO.CO 5COC.-OO _. 
SHCQ F‘E C C P  5 
C5r M / E E C  2461.23 1508.65 1768.76 1632.71 1556.42 1556.97 
P/PO 4.6115 0 2.4672 0 1.4906 C 7.76E9-1 4 - 7 2 1 5 - 1  4.3070-1 
7 v  O E t  H 27055 20054 17535 147C1 12526 10484 
H / R l  8.5296 6.6206 5.9896 5.21@5 4.5461 3 1 8 6 3 9  
5 / R  2C.8264 22.1574 23.32C3 24.7351 25.SC10 2 6 k 3 2 6 7  
M, RCL $1 6.11021 7.31807 8.34210 9.56971 10.62C22 11.50567 
( 5 )--REFLECT EC--EGU I L I P R  I U Y  
I f L V / C L P I l  -1.03483 -1.12809 -1.11527 -1.08637 -1.C5E9CI -1.01868 
(GLV/CLT)F 1.2635 2.2950 2.2C94 1.504C 1.8€52 1 ~ 2 5 7 2  
C P / R  5.3698 21.2401 21.1580 10.CCP2 13.34 t6  7 ~ 1 8 2 1  
G P V M A  I S 1  1.3555 1.1362 1.1305 1,1625 1.1819 1 L 2 5 3 1  
GPPRA 1.4031 1.2818 1.2608 1.2624 1.2515 112765 
SUN V € C I M / C E C  7C65.36 5087.9 4444.9 3P54.C 34C4.3 3081.2 
CGUUCFBIC FbRbbETERS 
IP IIGMERqCF-1 1133;C 993.3 7 7 6 - 1  538.6 362.7 2 2 2 - 4  
D E B L E  LhCiCP 1.C250-6 1.1693-6 1.4964-6 2.1562-6 3.2C2i-6 5.2221-6 
DEBnl / L? E7 N 8,374041 8.1452-1 8.2989-1 8.5647-1 8.9C74-1 9.3767-1 
NLVBER C F  CFARCEC P P R T I C L E S  I h  C E E Y E  SPbERE 
. ._ ._ - . _ _  = -  
5.5263-C 4.6783 0 5.2305 0 6b3222 C 7.9555 0 1.0820 1 
C C b L  CCMPRESS C.99025 0.99090 Cb99370 0 . 9 5 t t C  C.5SF54 0.95969 
P5/82  14.165 12.025 10.624 8.885 E.259 12.162 
T 5  17 2 1.64P 1.437 1.443 1.444 1.639 3.005 
c 5 / 1 2  ‘2.7628 f t 7 9 3 1  G.8149 O.84Et 0.85P2 0.9551 
RHCS / R H O 2  6.5942 t .6819 6.0284 5.2376 4.5551 3.8675 
U5+V-2,rMZCEC 16229.83 12753.38 lC662.9C 8551.47 70E5.66 6021.53 
V C L E  fRfiCTIQNS 
E 
H 2  
























3.8326-1 2.9696-1 1.5350-1 1.0457-1 3.C353-2 
8.C38 -9 3.424 - 8  2 ~ 1 5 2  - 7  e.75E -7  3.883 -6 
2.7507-7 5.2978-7 9.5636-7 1.0212-6 7.1365-7 
3.1626-2 6.0265-2 1.4165-1 2.5452-1 3.5758-1 
2.1507-1 2.2095-1 1.8C95-1 1.C34f-1 3.C273-2 
5.3193-7 7.7457-7 1.1C59-6 l . l C 5 5 - 6  7.4078-7 
2.3367-2 2.7816-2 3.2231-2 3.5755-2 3.8786-2 
1.3025-3 3.0559-4 2.8909-5 2.2225-6 6.8684-8 
6.C76-13 2.363-15 4.09C-19 3.6E2-23 1.350-28 
1.7848-1 3.1799-1 4 = 39 11-1 4.9573-1 5.4293-1 
1.6689-1 7.5707-2 1.2526-2 1.4877-3 7.9083-5 
5.832 -7  1.286 - 8  2.042-11 1.737-14 1.210-18 
8.255-19 1.437-22 1.325-28 3.75C-35 0. 0 
PbRl ICLE C E N S I T I E S r l / C P I * 3  
-- - - -- ~_ - - .- - . --*-. --A - - . 
T C T I L  -1.263 1 8  9.113 1 7  t.279-17 3.891 17 2.771 1 7  3.016 1 7  
N E G I l I V C  EXCESE TPERMOCYNPHIC PROPERTIES 
- ( H I F l I C C L L  3.899622 3. t417-2 2.5215-2 1.36C1-2 5.83CS-3 1.2352-3 
-(SIP)CCLL 1.4546-2 1.8250-2 1.2627-2 6-RC64-3 2.5165-3 6.1764-4 
TASLE I .  CONTIEIUED. THERMODYNAMIC PROPERTIES FOR E Q U I L I B R I U M  
STATES QEHl NO I t K I  DENT AND REFLECTED SHOCKS 
THROUGH F, 0.70 N e  - 0.25 142 - 0.05 H e  MIXTURE 
(e) P i  = 0.1 MM Hg - ~ _ _  
1 k 1 1 1 e i  rfi: 1 1 1  ___ 
1 4 . 8 3 2 2 1  P / P C  1 .= i 5 6 - 4  M, MOL Id1 
T ,  D E C  I( 29 + CP/R 2.742-7 
H / R l  c .  OL'OC G O P M A  ( 5 )  1 .574c  
2 6 . 6 7 6 2  SCh V E L j M / T F I ,  512 .5  S / R  
.___- - 
YBCh N O .  24.246C 2 3 . 3 9 6 8  1 9 . 4 9 7 3  1 5 . 5 9 1 5  1 2 . 6 1 2 3  9 . 7 4 8 7  
U l c  MISEC- 15C'O.OC 12:c_Co.cc 1cc.c.,Cc P ~ c _ . c _ c _  S C C . C C  5 c o c . c o  
P /PC 1 . t 3 1 7 - i  1 . ~ 2 9 3 - 1  7 .0444-2  G . = B s ~ - ~  2 . 8 4 5 2 - 2  1.7752-2 
S P C C E E C  C C '  ( P l - - I h C I D E k T  
L 2 ,  F . / S E C  1 1 c 4 . 3 7  1 1 1 8 . 4 5  IC6S.CC 15'51.C' 9 5 7 . S h  5 2 3 . 8 9  
T t  C E C  K 151.32 1 3 4 4 6  1 1 7 1 P  7PSF 7 5 7 8  3 4  1 C  
H / R 7  6 .7553  c . 0 4 6 0  5 . 1 6 2 2  4 . i 9 1 F  3 .9746  5 .2326  
S / R  2 4 . 7 9 8 5  2 6 . 0 1 1 6  i 7 . 1 6 5 G  2 r . i 4 C C  2 8 . 4 i l n  27.C450 
Y ,  V C L  b l  7.4548.1 9 . 1 5 6 9 1  1C.1749?  l l . i 3 C 5 i  11 .E1152  12.CC078 
(CLVIELF):  -1 .C9252 - 1 - 0 7 0 0 7  -1.06436. - 1 . 0 2 8 C I  -1 .CCi42  -1 .C lC27  
( C L V / C  L T 1 F 2 . 7 9 6 1  1.9C9C 1.8YO3 1 .465E  1.CC.27 1 . 1 6 7 1  
C F / P  25.111:  1 7 . 0 7 9 8  i 7 . 2 c c r  i i . i 4 3 i  3.7278 5 . 2 4 1 0  
G O Y M A  1 . 2 3 8 ~  1.2'91 1 . 2 / ~ 2 ~  1.22e2 1 . 4 ; ~ ~  1 .3463  
C b C M P  ( 5 1  1 . 1 3 3 7  1.167?. 1.1674 1.194C 1 .4166  1 .3326  
SCh \IEL(C/SFC 4 3 3 1 . 3  ? 7 7 5 . 1  3 3 4 3 . 3  7 9 5 7 . 9  274E.7 1774 .4  
CCLICFFlC F L R P F E T E R S  
I P  liCk'lkR1CE-1 299. '1  2 3 2 . 7  1 7 4 . 4  F9.5 ?C - 6  c.1 
G E E \ F  L N C , C F .  3.Ee3 - 6  L.592 -6 6.65P - 6  1 .163  - 5  3.755 -5 0. -19 
DEPN/C E 7 N 5 . 5 6 5  -'I 9 . 7 1 1  -1 9 . 7 5 9  -1 1.L't; C 1 .237  0 0.  -19 
H L V l e E R  O F  CFAHCEC F P R T I C L E S  I N  C E P Y E  S P I - E R E  
1 . 2 2 7  1 1 . 3 5 2  1 1 . 5 7 7  1 2 . 3 9 t  1 5.725 1 0. -19 
C C C L  C O A F P C C S  c . c ;97o i  0 .59811  c . 9 9 e 9 ~  c . 9 5 9 7 4  c . s s c s 9  i .cccoo 
P Z / F I  124C.CD2 7e2.3CO 5 3 5 . 3 7 1  3 2 3 . 6 2 6  216.E4C 1 3 4 . 9 1 6  
1 2 / 1 1  5 3 . 1 0 3  45.1C@ 3 9 . 3 0 3  33.196 2!.&15 1 1 . 4 3 8  
RHCL'/RkDl 12.562C 1C.7292  9 . 3 5 4 0  7 .6116  6.7E52 9 . 5 4 4 0  
P Z / M I  c.536: c . 6 1 7 4  0 . 6 ~ 6 ~  c . 7 5 1 2  c . 7 ~ 6 4  o.ac9i 
V 2 " C I - L 2 ~ Y / ~ t C  13PC5.93 1 0 9 8 1 . 5 5  P93C.94 b94E .97  5542.C4 4 4 7 6 . 1 1  









W E t i  
N F  
NF + 
h E i +  
R E i t f  
3 .2960-1  2 .2829-1  
3 . 5 3 P  - e  1.'11 -7 
2 .SC71-2 9 .2592-2  
2.3909- 1 2.16O9- 1 
5 . s c 4  - e  1 . 4 9 5  -7 
2.65C4-i  3.C846-2 
3 . 1 2 3  -4 7.256 -5 
Z . P t q - 1 6  ? . t h O - Z O  
2.11'523-1 4.199P-1 
S . C Z 0  -2  1 . 2 1 e  -2 
4.5E7 -5 4.419-12 
3 . S t l - 2 4  1.489-2: 
1.1771-5 1 .7675-8  
1.425C-1 
1 .130  5-7 
2 . r 6 i  - I  
2 - 0  19 7- 1 
1.4 1C3- 1 
2 . 2 0 9  -7 
3.4298-2 
1 .816  -6 
3 - 4 8 6 - 2 4  
4 .7873-1  
1 . 4 7 1  -3 
4 . 6 6 6 - 1 5  
7.967-37 
5 . ?537-2  
4 4 9  i 3- 7 
1.442 - 7  
3 .2514-1  
5 . 344H- i  
1.471 - 7  
3 .7E58-2 
6.33C - E  
1.c.e5-25 
5 .29S 3- 1 
P . P h 5  - 5  
4 .396-19 
C.  C 
4 . 5 4 C t - 3  
2.4 IC?-6 
2.857 - P  
3.9364- 1 
4 .54c3-3  
2 .523  -8 
2.9El.E-2 
9.C66- 11 
C .  5 
5.5746-  1 
3 .7c5  -7 
6. 6 57 -27  
C .  0 




6 .194  8-9 
6.487- 13 
4. C455-2 
1 .510-25  
0. 0 
5 .6637-1  
1.685-  19 
0. C 
0. 0 
__ I-.L __ PbRlICLE C E h S l l I F 5 , 1 / C F Q * 3  
T C l d l  7 . 5 8 7  l f  5 . 6 2 9  16 4 .417  1 6  3.256 1 6  2.7tC 16 3 . 8 2 1  1 6  
--I.-_ I - - - ._ - 
kFGB1lVE E r C i  5 :  1PtRtQCYhAElC P R C P E R T I E S  
- ( I ~ I R T I C C C I  1 .1445- i  7 .5761-3  4 . ~ 6 9 ~ - 3  i.933c5-~ 3 . 5 1 ~ 7 - 5  0.  0 
- ( S I ?  I C C I L  5 .S770-3 3 .7999-3  2.C350-3 5.1827-4 1 .7551-5  0. 0 
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TABLE I .  CONTJMUED. THERHODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES 8EHlND IfJCIOENT AN0 REFLECTED SHOCKS 
THROUGH A 0.70 Ne - 0.25 1H2 - 0.01, H e  MIXTURE 
(e) P I  = 0.1 t l M  Hg - 
i h t i ~ t i  rt: 1 1 1  . 
P / P O  1 .? 158-4 M i  I O 1  W1 1 4  a8322 1 
T ,  D E C  H 2 9 8  CP /P 2.7422 
P/F. 1 r . oooc G b P A b  I C )  1.574C 
512:s S / R  
.&-s 
26.6762 S_Ch W L 4 W T E L  - _ _  __ __.. 
PACh ff0. 25.246C 23.3468 19 .h973  15 .5975  1 2 . ~ 1 3 1 2 -  9.7487 ---__-. U 1 i  W f S E C  l S C _ C & O C  12COO.CC 1CCOC.CC- pOCC.CC 6 5 c C 4 0  5C$0.00 
c 5 ,  F / S , ’ C  24C6.5P 1848 .36  1 7 1 7 . 2 1  1582.79 15C5.18 1519 .16  
P/PE 2.3768 C 1.2730 0 7 . 7 0 7 7 - 1  3 .9S17-1  2.3713-1 2 .1939-1  
T ,  C E C  I( 2 6 2 5 4  1 9 2 6 6  1 6 P 9 1  1 4 1 5 4  12C67  1 0 2 1 C  
H / R l  6.6P5E 6.R368 6.16F8 5.3743 4.61?9 3.943C 
S / R  21.3497 22.6516 23 .7937  25.2336 26 .441Q 26.9076 
I’t M O L  k l  t . C 7 2 8 ?  7.26754 F.27839 9.456EE 1 C . 5 t S 5 7  11 .47067  
I C L V I C L ’ I  IF 1.218C 2.31C5 2 .2111  1.5152 1 . 7 i E 2  1.2882 
C P  / Q  4.9648 22.2490 21.9225 16.4246 1 4 . 3 C i C  7.F176 
GPPMA ( 3 )  1.3722 1.1383 1 . 1 ? 3 4  1.16CC 1.1777 1.2387 
S C h  l ‘ E L r Y / s E C  7C23,iI 5038.9 4384.9 3 8 C l . l  3343.5 3C27.7 
s b r c K E C  c o s  ( ~ ) - - ? E F L E C T E C - - E G U I L I P R I U C  
( C L V / C L F  ) T  - 1 . ~ 2 7 5 4  -1.11845 - 1 . 1 ~ 5 2 ~  - 1 . ~ ~ ~ 5 5  - 1 . ~ 5 7 ~ 9  -1.01959 
GPPMA !.41UC 1 .2731  1 .2528  l .26C4 1 . 2 L 5 9  1.2629 
I P  UOlr/FR,CF-l 84U.:1 746.0 5n4.2 4C7.2 272 .1  17C.7 
C E P L E  LNCvCP 1.3e24-6 1.5568-6 1.9880-0 2 .8520- t  4.26PC-6 6.8029-6 
c E m I e E i f l  8 .7577-1 9.4867-1 8 .6466-1  8.9169-1 9.2E52-1 9 .7549-1  
N U M B E R  OF CHARCEC PPRTICLES I N  L E @ \ / €  SPP‘ERE 
7.2300 C 5.5892 0 6 . 6 8 6 1  (1 8.0516 C 1.C25C 1 1.3697 1 
CCCU CCMFPEC\ C.9925C 0 .90280  P.99499 0.55725 C.55EE2 0 . 5 9 9 7 3  
P5 /R2  14.567 12.367 10.942 9.093 E.323 12.358 
~ 5 / m 2  ‘1.7634 C.7337 0.8136 0.E456 C.PS48 0.9558 
RPC9 / R k O i  6.7367 6.8871 6.2COP 5.39C3 4 . t F 2 0  3.9464 
U 5 + Y i t Y Z S E C  16712 .51  12729 .92  1C648.15 8 5 3 1 . i 5  7C47.22 5995.27 
T 5 / 1  i 1.65P 1.433 1 .441  1.43C 1.552 2.994 














4 .?821-1  3 .8752-1  3.0233-1 
2 .750 -11  3.193 -9 1.468 - 8  
1.C489-e 1.3250-7 2.6795-7 
5.9673-3 2.6539-2 5.1537-2 
1 .587541  2.1845-1 2 .2753-1  
2.9137-8 2 .5529-7  3.8739-7 
t s i 1 9 4 - 3  2.3259-2 2.7628-2 
1.4452-2 1.2399-3 2.7878-4 
1.781 - e  2.697-13 9.199-16 
1.21?21-’2 1 .7516-1  3 .1617-1  
2.7416-1 1 .67Y3-1  7.4522-2 
4 .191  -4 3.714 -7 7.522 -9 
5.679-12 2.280-19 2.990-23 
1 .9964-1  
1.115 - 7  
5 .3 tE6-7  
1 .3149-1  
1.Re66-1 
6.15 39- 7 
3.1551-2 
2.3CiO-5 
1 .036 -19  
4.3724-  1 
1.CSt3-2 
E - 5 3 7 - 1 2  
1 . ? 9 7 - i S  
1.CS24-1 
5.0CS -7  
5.5215-7 
2.4E26-1 
1 .CEC4- 1 
6.381s-7 
3.5625-2 




5.583- 1 5  
2.275- 3 6 
3 .3300-2  




4 .4739-7  
3 8 6 6 8 - 2  
3 .579 -29  




5.4 8 4 3 - 8  
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TABLE I .  THERMODYNAMIC PROPERTIES FOR E Q U l L ~ 8 R l U M  
STATES BEHIND INCIDENT AND IEFLECTEO SHOCKS 
THROUGH A d.70 Ne - 0.25 H2 - 0.05 He MIXTURE 
( f )  P I  = 0.05 MM Hg 
- I h I 1 1 4 L  c t z  ( 1 )  
PIP0 6 . E 7 8 9 d  5 Mc I r C L  WT 14  .E 322 1 
11 I)EG P 2 9  P CP/P 2 .7423  
H/Rl  c.co0c G P H M h  ( 2 )  1.574C 
S / R  2 1 . 3 6 9 3  SCN MLiM/!:EC 512 .4  
i 4 < 7 ?  VACF NO; 15 .5975  1 2 . 6 7 3 3  9 . 7 4 8 7  
L 1 ,  M / S E C  15COO.OC 12CCO.CG 1 C C C C . C C  8PCC.CC 65CC.Cn 5COP.00 
SHCaKEC C E Z  ( 2 ) - - I \ C I D E h T  
b i t  E / S E C  3 1 5 8 . 7 5  1C83 .55  1034 .46  l C i l . 5 6  9 4 7 . 7 1  514 .05  
P/PC 8.1793-2 5 .1632-2  3 .535P-2  2 .2042-2  1 . 4 2 7 2 - 2  8.8953-3 
T ,  C E C  P 1 5 2 8 5  1 2 9 6 8  1 1 3 1 1  5 6 2 1  75C2 3 3 4 3  
H / R 7  6 . 9 5 0 8  6 . 0 2 0 7  5 . 3 1 9 2  4 . 4 0 1 5  3 . 5 1 1 2  5 , 3 2 3 6  
s / R  f5 .320C 2 6 . 5 1 6 9  2 7 . 6 e 9 9  2P .E l64  2S.CFlf-i 2 7 . 6 5 0 5  
v ,  N C L  Y 1  7 .90112  9.0CS9C 1C.11265  l l . l E 4 6 5  1 1 . i S E 3 1  1 1 . 5 6 2 3 2  
( C L P i G L F  I ?  - 1 . 0 ~ 6 4 4  - 1 . 0 ~ 6 0  -1 .06364  - 1 . c 2 9 e o  -1 .ccis9 -1 .00756  
l C L V l C C T  I F  2 .3117  1 . 9 8 7 6  1 . 9 3 3 3  1 .5096  1 .Ct t6 1 .1254  
C P / R  26 .2292  1 7 . 0 6 9 4  18 .ZE45  1 2 . 2 6 ? 8  4 .C753  4 . 5 9 7 1  
G P W Q A  ( 5 )  1 . 1 3 2 5  1 .1684  1 , 1 6 4 3  1 . 1 8 4 5  l . ? € 1 5  1.3660 
GDtJll A 1 .2306  1 . 2 4 3 9  1.23E4 l . 22C2  1 . ? € 5 6  1 .3764  
SOA V E L i F / S E C  4269.3 3 7 2 2 . 8  329C.5 2911.C 27Ci .4  1 7 8 1 . 5  
CCLUOHPIC F P R P E E T F R S  
I P  U O W E R , C F - ?  2 2 0 d 7  1 7 2 . 9  13C.3 75.4 24 .5  0 .o 
OFerF L h l C c C M  5 .262  -6 0 .716  -6 P.91C -6 1.54C - 5  4 .743  - 5  0. -19 
O E e N / e  F 7 N 1 . C O O  C 1.C14 C 1 . 0 3 9  0 1 ,107  C 1.2E1 0 G. - 1 9  
NUM@FR OF C H n R E E C  PARTICLES IN C F P Y E  SPt‘ERE 
l . h C 4  1 1 . 7 4 4  1 2 . 0 2 1  1 2 .951  1 7 .C t4  1 0. -19 
CCCU CCFFRtcS C - q q 7 6 9  0.9985C C.99’518 C.95578 C.55559 1 . C C O C C  
P 2 / F 1  1 2 4 3 . 2 5 s  7 f 4 . 8 0 6  5 3 7 . 4 4 1  3 3 5 . 0 3 7  216.S39 1 3 5 . 2 0 8  
T Z / 1 1  51 . i8C  43 .454  37 .937  32 .268  25.160 1 1 . 2 1 1  
v Z / m i  C.5327 C.6128 C . € F l E  0 . 7 5 4 1  C a l C 5 5  C.8065 
RHO2 / R P D l  12.945C 1 1  - 0 7 4 7  9 . 6 6 6 9  7.E312 6 . 8 5 8 6  9 . 7 2 6 7  
v 2 = v 1 - c i , ~ ~ s ~ c  1 2 ~ 4 1 . 2 5  1 ~ 9 1 6 . 4 5  ~ 9 6 5 . 5 4  6 9 7 ~ . ~ 4  5 5 5 2 . 2 9  4 4 8 5 . 9 5  
V C L E  F R b C l I C N 5  
E 
t i2  
H2+ 
H 
H t  
H- 
HE 
H E +  
t i t t i  
WE 
N E +  
h E t t  
N E + i i  
3. 2412-1  2 .3394-1  
4.406-1C P.460 -9 
2.3609-2 8.2 276-2  
2 .4274-1  2 . 2 3 1 5 - 1  
2 .694  - 8  7 . 7 6 3  -8 
2.6342-2 3.CC24-2 
2 . 5 3 3  ’4 1.E09 -5 
1.177-1.6 6.6‘57-21 
2.  E 18G- 1 4.182 2 - 1  
S . l C 9  ‘2 1 . C 7 R  -2 
2 .P52  ”$ 1 .871-12  
8 - 4 6 1 - 2 5  1 . 4 7 4 - 3 1  
i . e c i  - e  6 . ~ ~ 4  -8  
1 . 4 7 7 5 - 1  5 - 7 3 5 9 - 2  
6 . 2 8 4  -8 2.56F - 7  
1 .9434-1  3.1971-1 
1 .4656-1  5 .7325-2  
1 . 2 4 5  -7 E.56C -8  
3.4@R9-2 3.77C4-2 
1 .315  -6 4 .745  - e  
0 .373-25  ?.49C-?C 
4 . 7 6 0 8 - 1  5 .2778-1  
1 .186  - 3  7.356 - 5  
1 .530-15  1 .576-19  
4 .718-38  c. C 
1.171 -7 8.50~ - 8  
5 . 6 e t S - 3  
1 . 2 5 c  -6 
1 .868  - 8  
3.92C4-1 
5.6ECF-3 
1 .636  -8 
3.9771.-2 
5. 555-  11 
C .  0 
5.568.2-1 
4.112 - 7  
6.073-2 7 













C .  0 
.~ 
PPRl ICLf  C E h S I l I E S 1 1 / C t ’ t * 3  
TCTbl 3 . 4 3 6  1 6  2.527 1 6  2 . 2 9 6  1 6  1 .682  1 6  1.3SC 1 6  1 . 9 5 3  1 6  
N E G b l I V E  E X C E C !  T I - E R C O C Y h P F I C  FRCP€RTIES 
-(HIRTICCLL 5.2536-2 5 .S84q-3  3 .2664-3  8 .6259-4  3 .5614-5  0 .  0 
- ( S I P l C ( I l L  4 .6295-3  2 .5935-3  1 .6735-3  4 .3146-4  1.77S5-5 0. 0 
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TASLE I .  CONCLUDED. THERMODYNAMIC PROPERTIES FOR EQUILIBRIUM 
STATES BEHIND INCIDENT AN0 'REFLECTED SHOCKS 
THROUGH A d.70 Ne - 0.25 Hp - 0.05 He MIXTURE 
(f) P i  = 0.05 MM Hg 
JN\l IAL .Gb5 (1) -_ -- 
P/PO 6.578945 - H i W T -  1 4 .SF2?i ' 
1 ;  DEG H 298 C P / P  2.7423 
H / R l  c. 0ooc G P N M r \  ( 5 )  I .  5740 
5/R - - --. 27.3593 SON M L + ~ ~ I L E C ,  5 12 2.9 - .... 
SHCCEEC C b S  ( 5 l - - R E F L E C T E C - - E G L I L I 8 R I ~ ~  
L 5 r  MISLC 2358.14 1792.19 1669.45 1534.E8 1456.63 1481.28 
P/PQ 1.2244 C 6.5643-1 3.9819-1 2.0518-1 1.1534-1 1.1139-1 
T, U E G  H 25577 1 8 5 3 5  1 6 2 9 4  13637 l l C 3 4  5 9 3 6  
S / R  21.9081 2 3 4 1 4 1 0  24.2631 25.6762 26.SE19 27.4895 
H / R l  6.8298 7AO503 6.3441 5.5332 4.8C45 4.0252 
c; Mot b l  6.C4504 7.21612 E.21445 9.42733 10.51SE8 11.43644 
( D L v / C L T ) F  
(CLVICLF 11 - 1 . ~ 2 2 1 9  -1.11025 -1.09672 -1.07603 - 1 . ~ 5 7 1 8  -1.02048 
COtUOM@lC F P R b h E  
1P UCWER p C Y - 1  
DEBPE LhG,Cff 1 
OEEN/@ETN 9 
1.1763 2.3279 2.2137 1 . S Z l . 2  1.7719 1.32C0 
4.5500 23.2744 22.6538 16.7852 15.3137 8.5144 
1.3926 1.1397 1.1359 1.1691 1.1735 1 r 2 2 5 8  
1.4235 1.2654 1.2457 1.2569 1.24C6 1.2509 
6 9 9 9 2 1  4933.5 4328.1 3748.C 3 ie4 .8  2975.6 
E R S  
629;9 559.5 438.9 3C7.4 2C4.0 130.3 
E735-'6 2.0757-6 2.64CC-6 3.77E4-6 5.6531-6 8.9132-6 
1 7 2 3 a 1  8a.8457-1 9.0132-1 9 r 2 8 7 l - 1  9.6t225-1 1.0158 0 
NLVBE4 QF CHARGEE FPRTICLES IN C E e Y E  S P F E R E  
9.5410 C 7.6740 0 8.5645 0 1.0277 1 1.3172 1 1.7459 1 
COLE C C C F R E S S  C.99425 0.99433 0.99602 0.99778 0.SSSCS O.SF977 
P5/R2 1 4 ~ 9 6 9  12.714 11.262 5.3C9 t2.362 12.522 
cs / M i  C.7651 C.7939 0.8123 0.E42S 0.8916 C.5560 
UStV i+C?SEC 16199.44 12708.64 1C634.99 8513.32 70C8.92 5967.23 
T5 / I  i l i b 7 3  1.429 1.441 1.417 1.551 2.972 
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